Abstract. This work examines a tandem module design with GaInP 2 mechanically stacked on top of crystalline Si, using a detailed photovoltaic (PV) system model to simulate four-terminal (4T) unconstrained and two-terminal voltage-matched (2T VM) parallel architectures. Modulelevel power electronics is proposed for the 2T VM module design to enhance its performance over the breadth of temperatures experienced by a typical PV installation. Annual, hourly simulations of various scenarios indicate that this design can reduce annual energy losses to ∼0.5% relative to the 4T module configuration. Consideration is given to both performance and practical design for building or ground mount installations, emphasizing compatibility with existing standard Si modules.
Simulated potential for enhanced performance of mechanically stacked hybrid III-V/Si tandem photovoltaic modules using DC-DC converters
Introduction
A potential pathway for realizing sizable efficiency gains in photovoltaic (PV) modules is to combine existing PV technologies into tandem architectures. Recent work on III-V/Si, CdTe/CIGS, and perovskite/Si tandems indicates that the performance and balance of systems benefits may be great enough to make them practical if costs can also be lowered. [1] [2] [3] [4] Monolithically stacking junctions in current-matched configurations is often pursued as the most straightforward approach to create tandem cells or modules, and it works well for high-efficiency III-V multijunction devices. However, difficulties arise when implementing the same approach for a mixture of different PV technologies (i.e., single crystalline, polycrystalline, etc.) due to different crystal structures and incompatible processing requirements. Furthermore, current-matched technologies are prone to efficiency losses from their junctions' different spectral responses over the breadth of operating conditions (i.e., variations in spectrum and temperature) experienced by typical PV installations. Mechanical stacking of individual junctions produced separately is a practical alternative method of integration. The most promising methods of connecting the junctions are (1) leaving them separated as a four-terminal (4T) device or (2) connecting them in parallel as a two-terminal voltage-matched (2T VM) configuration. To match the voltages between the top and bottom junctions of a tandem PV module, each junction may be divided into 5 substrings of varying numbers, n, of series-connected cells such that all substrings have the same voltage (i.e., n top V mp;top ¼ n bottom V mp;bottom ). 5 For example, if the top cells have twice the V mp values as the bottom cells, then each substring of bottom cells should contain twice the number of cells as the top substrings. These substrings would then be connected in parallel at the module level, as shown in Fig. 1 , for a simplified module design. Previous simulations of 2T VM tandem modules have shown that voltage mismatches can impose a moderate efficiency loss compared to the unconstrained 4T design. [5] [6] [7] [8] However, it may still be advantageous to design mechanically stacked tandem modules with two terminals rather than four for practical reasons. 2T modules can be installed using practices similar to those already used for existing crystalline silicon modules, which could help them to gain acceptance from manufacturers and installers. This configuration also ensures that large voltage differences will not build up between the top and cells, which would pose reliability and safety challenges. Now that tandem demonstration and development activities are taking off, it is important to identify the critical aspects that must be considered to implement them in modules, as well as practical avenues to enhance their performance.
In this paper, we evaluate 4T and 2T VM tandem modules from both power output and implementation standpoints, using GaInP 2 ∕Si as an example. We first simulate the performance of 4T and 2T VM tandem modules for AM1.5 conditions over a range of operating temperatures, varying the ratio of the number of cells in the top and bottom substrings. This comparison is extended to simulations of annual energy production for multiple climates and types of array mounting. We then propose the use of module-level integrated power electronics (MLPE) as a way to mitigate mismatch-related efficiency losses in 2T VM designs, simulating the GaInP 2 ∕Si tandem modules with module-level buck DC-DC power converters attached to the bottom Si strings. Finally, we discuss our results in the context of other module design criteria. Our main finding is that 2T VM configurations combined with MLPE may provide a more practical approach for implementing mechanically stacked tandems than 4T configurations in certain situations. The considerations outlined here are intended to form the basis for the selection of tandem configurations, as specific manufacturing practices, system designs, and installation norms evolve in the future.
Tandem Architecture and Simulation
We have chosen to model mechanically stacked GaInP 2 ∕Si tandem modules in this work. This pairing has a high-efficiency potential based on the relatively high efficiencies of both Si and GaInP 2 single-junction cells as well as a nearly ideal bandgap combination. 9 Additionally, researchers have already fabricated mechanically stacked 4T GaInP 2 ∕Si tandems with efficiencies approaching 30% 10 demonstrating the viability of combining these types of cells. Though GaInP 2 is an expensive material compared to Si, various techniques and advances may in the future be able to drive down the cost enough to make III-V/Si tandems economically viable. This includes the development of lift-off and bonding approaches to reuse expensive substrates and the implementation of lower-cost deposition methods. [11] [12] [13] We note here that our emphasis is on exploring the design considerations and trade-offs between 4T and 2T VM architectures, including the potential use of MLPE, as an extension beyond previous studies showing the potential value of the voltage-matched configuration. [5] [6] [7] [8] Such discussions can naturally be extended to PV technology pairings other than GaInP 2 ∕Si. We anticipate that the addition of MLPE to currentmatched designs, which have been extensively studied including Refs. 5-7, would also substantially improve their performance but have not included that study here. Figure 2 shows the model generation methodology that is detailed further in this section and later in this paper. Table 1 Simulated GaInP 2 and Si performance for a 1-cm 2 cell operating at 1000 Wm −2 and 20°C. The characteristics for the Si cell are under GaInP 2 -filtered spectra, while the light incident on the top GaInP 2 cell has the standard reference AM1.5 spectra. Additional cell I − V curves were generated for 1000 Wm −2 over a range of temperatures, using the methods employed for the reference curves, to calculate the temperature coefficients. 
Cell-Level Simulation
The current-voltage (I − V) curves used in this simulation were modeled after state-of-the-art Si and GaInP 2 cell designs at 20°C and 1000 Wm −2 . An analytical drift-diffusion model was used to generate the I − V curve for the GaInP 2 top cell; 14 this model uses literature values for III-V optical constants, band parameters, and carrier mobilities and includes contributions to the cell performance from coherent reflections at interfaces within the cell. 15, 16 The I − V curves for the Si cell were generated using PC1D 17 based on a passivated emitter rear contact cell design, 2 and the spectrum incident on the Si cell was additionally filtered by the GaInP 2 bandgap to simulate its performance as the bottom cell.
These I − V curves, generated for a single-standard condition, are then translated to a singlediode PV generator model, 18 using the cell characteristics listed in Table 1 . Calculated fitting parameters for the single-diode model, including light-generated current I L , diode reverse saturation current I 0 , ideality factor a, series resistance R S , and shunt resistance R SH , are found in Table 2 . The single-diode model is used to simulate PV performance over a full range of temperatures and irradiances, which will allow for module performance modeling under realistic and variable operating conditions. The temperature dependence of the Si bandgap is modeled as in Ref. 18 , whereas that of the GaInP 2 is modeled as in Ref. 19 . Figure 2 shows that there is a good agreement between the single-diode model and generated I − V curves for a GaInP 2 cell; results are similar for the Si cells.
Module-Level Simulation
Once the I − V curves of the individual cells have been generated, they are added together in series and/or parallel to model the performance of the module. This simulation is carried out in a validated, detailed modeling environment capable of PV system simulation on an instantaneous or annual basis for any series-parallel array configuration. 20 This includes simulating module performance with MLPE. Use of cell-level I − V curves configured to generate module models is a reasonable approximation, though it does not account for certain modulelevel effects, including increased series resistance, which will be dependent on module construction. Operating conditions for annual energy production simulations come from airportsited TMY3 files, 21 with irradiance mapped to the plane of the array using the Perez transposition model, 22 and PV cell temperature calculated using the Sandia temperature model, with appropriate coefficients for either ground mounted (open rack) or rooftop (close roof mount) PV systems. 23 3 Module Design
Baseline Modeling of Module Series Substring Cell Ratios
Baseline module simulations were first carried out as a function of the ratio of the number of bottom to top cells in each substring to determine the effect of voltage mismatch on the 2T VM tandem power output. For simplicity, the module is assumed to have an equal cell-active area on the top and bottom junctions.
Variation with temperature
First, we simulated varying numbers of series-connected cells for each junction, combined in parallel as module substrings, at 1000 Wm −2 and temperatures ranging from −20°C to 80°C. Spectral variation has less effect on the voltage-matched tandems and is thus ignored for this initial simulation. Figure 3 shows the maximum power generated by a 2T VM tandem module, compared to a 4T module where each technology is allowed to operate at its individual maximum power point. It is evident that the ideal ratio of Si-to-GaInP 2 cells per module substring in a voltage-matched configuration increases significantly with temperature due to the different characteristics of Si and GaInP 2 . Decrease of the Si and GaInP 2 cell fill factors with increased operating temperature causes the module to be less sensitive to voltage mismatches under warmer conditions. Thus, under warmer conditions, a wider range of cell string ratios can be used for the 2T VM configuration, with minimal loss in power output relative to the 4T case. However, significant power losses may be incurred in a 2T VM module operating at a temperature that is different from the optimal one for which it is designed. For example, the ideal ratio of Si-to-GaInP 2 cells per module substring for 20°C in a 2T VM configuration (∼2.4) would cause a power loss of 4% to 7% relative to the 4T case if the cells were operating under normal high-temperature conditions (60°C to 80°C).
Since the temperature plays a substantial role in determining the optimal cell string ratio, it is also worth briefly mentioning how the choice of another top cell material other than GaInP 2 might affect this dependence. In general, it is expected that the optimal ratio will be more sensitive to temperature when there is a greater difference in the relative temperature dependences of V OC between the top and bottom cell materials. For example, CdTe lies somewhere between Si and GaInP 2 , so we would expect a smaller shift in the optimal ratio with temperature. 24 Similar qualitative evaluation of various perovskite materials could also be made if their temperature coefficients are well known.
Annual impact on energy production
Annual simulations were then run over a range of Si∕GaInP 2 cell string ratios for warmer (Orlando) and cooler (Denver) climates. These two locations were chosen primarily to reflect different temperature conditions rather than differences in their spectra. Roof and ground mounted systems were also simulated, as the type of mounting can also significantly affect PV cell temperature. The results of these simulations, which are for modules with no MLPE, are shown in Fig. 4 . There is a range of bottom/top cell ratios for the 2T VM modules (2.5 to 2.8) that gives ≤2% loss relative to 4T modules on an annual basis for all four simulated cases; if the losses are constrained to 1%, the ratio range drops to 2.6 to 2.7. These results are most similar to the 40°C to 60°C curves in Fig. 3 simulated under constant 1000-Wm −2 irradiance. Locations or installation methods other than those simulated may require higher or lower bottom/top cell ratios for ideal energy production, underscoring the challenge of effective tandem module design for different climates and array construction types. If an integer bottom/top cell ratio is desired for simplicity in module construction, the relative losses increase to 2% to 15%, depending on the array location and mounting. Figure 4 clearly indicates that it would not be possible to fully optimize the design of a single 2T tandem module for all locations. However, the relative efficiency loss is expected to be only a few percent (see Fig. 4 ). These results serve as a baseline for evaluating options for improvements to the tandem module design using MLPE in Sec. 3.2.
Practical Module Design
Using this baseline performance assessment, we now explore some practical aspects and avenues for implementing tandems at the module and PV system levels. Myriad designs are obviously possible. To make our assessment of module designs as practical as possible, we consider as an illustrative example a straightforward module design, which is similar to that of existing singlejunction, crystalline silicon modules with 60 or 72 cells. A schematic is shown in Fig. 5 , where individual GaInP 2 cells are placed on individual Si cells so that there are the same number of each in the module. The Si cells can remain as a single serially connected string, as before, whereas the GaInP 2 cells are divided into three serially connected substrings, resulting in 3∶1 bottom/top cell string ratio. This configuration has the advantage that these silicon modules are used in most residential rooftop PV arrays, which have been indicated as the most promising market for tandem PV modules, as they stand to benefit most from tandems' higher efficiency potential for a fixed area. 2 This configuration also benefits from the use of standard module dimensions and voltage and current outputs, which are likely to make it compatible with current manufacturing and installation practices and infrastructure as well as inverter designs. The drawback is that the 3∶1 ratio is higher than the optimal 2∶6 ratio determined in Fig. 4 . Thus, a significant energy loss of 2% to 4% is expected relative to the 4T configuration, especially in a cooler climate. We now discuss the use of MLPE to reduce that gap. Fig. 4 Dependence of annual energy production on the 2T VM cell string ratios for several PV arrays, relative to the 4T case, for tandem modules with no MLPE
Addition of buck converters
Efficiency losses stemming from voltage mismatch may be mitigated by adding MLPE to the tandem modules. The simplest approach in the case of a 3∶1 ratio is to use a buck converter on the Si string, which decreases voltage while increasing current, holding the Si string's maximum power output constant. Buck converters have a simpler design than their buck-boost counterparts, which will reduce costs and increase efficiency, as the converter only needs to process the power from the Si side.
When a buck converter is added to the module, as shown in Fig. 5(c) , the annual energy production changes. The results are shown in Fig. 6 . When the Si cell string ratio is higher than optimal, the buck converter decreases the Si voltage to match the optimal value for GaInP 2 while holding the Si power production constant at its maximum value; this results in near maximum power production for the module over a wider range of cell string ratios. The converter is modeled in the annual simulations with a 98.7% California Energy Commission weighted efficiency typical of existing commercial products. 25 The 2T VM PV Fig. 6 Dependence of annual energy production on the 2T VM cell string ratios for two PV arrays, relative to the 4T case, for tandem modules with buck converters on their bottom Si cell string. system with buck converters has just a 0.5% annual energy loss relative to the 4T design, as opposed to losses of 2% to 4% in 2T VM PV systems with no MLPE. Depending on component costs, this potential energy gain of several percent from the use of MLPE may indicate a significant benefit to their use.
Additional module-level power electronics considerations
The addition of MLPE may also be desired to enhance other performance aspects of the module. For example, MLPE may be added to comply with shutdown regulations in the 2017 U.S. National Electric Code 26 or to make modules more robust to partial shading, which is common on residential rooftop installations. In these cases, the additional MLPE must process all of the module's power for effective shutdown, slightly reducing the efficiency of all configurations. They may be placed as shown in Fig. 7 .
In the 4T configuration, with its independent top and bottom strings, one could use either DC-DC converters or microinverters [ Fig. 7(a) ] at the terminals. Microinverters allow each string to operate at its individual maximum power point, such as a DC-DC converter, and they also convert the module's output directly to AC power usable by the grid, eliminating the need to connect modules in series strings. This leads to more electronic components and higher cost for microinverters, relative to their DC-DC counterparts 27 but may provide practical design advantages in the 4T configuration. For example, in the construction of 4T modules, the top and bottom cells would likely be separated only by a thin insulating layer for light coupling reasons. Large voltage differences between the strings could make them subject to high-voltage arcs. This concern could be mitigated by placing microinverters on each module's terminal sets, or across groups of multiple modules, maintaining a lower maximum voltage between the top and bottom module junctions.
Microinverters or DC-DC converters could also be used on the output of a 2T VM module that lacks MLPE for voltage matching between its top and bottom junction [ Fig. 7(c)] ; however, this design loses the advantage that MLPE provides for voltage matching demonstrated in the preceding section, which is likely to negate any cost savings associated with use of just It is expected that the extra power electronics would be able to recover ∼1∕3 of the energy lost to partial shading for both the 2T VM and 4T designs. 20 Overall, it is important to realize that PV energy production is dependent on many things, including specific cell technology characteristics and system-level details and string. The use of MLPE in tandem modules would result in more versatility, as their performance ultimately would be less affected by these factors.
Discussion
Based on the results and the discussion above, some of the practical design considerations for use of 4T or 2T VM mechanically stacked hybrid PV tandems are summarized in Table 3 . Overall, 2T VM tandems may incur a slight performance penalty due to voltage mismatch between the top and bottom strings, although MLPE could be used to make up nearly all of that difference. If MLPE is required for modules for other performance or safety reasons, this approach would represent no additional cost penalty, relative to the 4T case. Unconstrained 4T module designs would operate at the highest efficiencies; however, the 4T design necessitates twice as many connections, increasing installation complexity. Microinverters could also be added to 4T modules to address the potential for large voltage differences between the top and bottom junctions or to meet code or improve performance in shaded installations.
We postulate that if tandem modules built on a Si base are to attain traction in the residential PV market, their performance and installation must closely mirror those of existing crystalline Si modules. From our simulations and consideration of module design and operation, it appears that a 2T VM module with MLPE, either in the junction box or embedded in the module itself, would be the most feasible option for hybrid tandem PV architecture. However, a 4T module with microinverters on each junction could also be a good option, particularly if MLPE is already required for a PV system. The selection of one connection scheme over the other will depend in part on the future development and implementation trends of MLPE. In addition, the everimproving cost and reliability of MLPE are not addressed in this work and should be practically Top and bottom strings are connected in parallel. Only one ratio of # of cells in the top and bottom strings will give optimal performance and this varies with operating conditions. A greater range of ratios may be tolerated with MLPE (<1% relative efficiency loss).
Module considerations
Large voltage differences may build up between the top and bottom strings (fullstring voltage). The insulating properties and integrity of the interlayer between stacked cells must be considered to avoid breakdown. Use of distributed microinverters on each string would mitigate this issue. In the case where national electric code (NEC) regulations require MLPE for safety, 2× MLPE would be required (one for each junction's string).
Parallel connections between top and bottom cell strings mitigate potential differences, allowing for greater options in materials, fabrication and tolerance of the top/bottom interlayer. In the case where NEC regulations require MLPE for safety, 1× MLPE would be required as strings are connected in parallel. 2× MLPE could be added for improved performance.
System considerations
Twice the string inverter inputs are required. More connections must be made between modules during installation unless two microinverters are used for each module.
Potentially higher currents (produced with designs using more parallel strings) may need to be considered in the choice of the inverter. Installation procedures may be more similar to those of single-junction modules
